Abstract. Botryllus schlosseri is a cosmopolitan colonial ascidian that undergoes cyclical generation changes, or takeovers, during which adult zooids are resorbed and replaced by their buds. At take-over, adult tissues undergo diffuse apoptosis and effete cells are massively ingested by circulating phagocytes, with a consequent increase in oxygen consumption and in production of reactive oxygen species (ROS). The latter are responsible for the death of phagocytes involved in the clearance of apoptotic cells and corpses by phagocytosisinduced apoptosis. However, the majority of phagocytes and hemocytes do not die, even if they experience oxidative stress. This fact suggests the presence of detoxification mechanisms assuring their protection. To test this assumption, we searched for transcripts of genes involved in detoxification in the transcriptome of B. schlosseri. We identified and characterized transcripts for Cu/Zn superoxide dismutase (SOD), γ-glutamyl-cysteine ligase modulatory subunit (GCLM), glutathione synthase (GS), and two glutathione peroxidases (i.e., GPx3 and GPx5), all involved in protection from ROS. We also carried out a phylogenetic analysis of the putative amino acid sequences, confirming their similarity to their vertebrate counterparts, and studied the location of their mRNAs by in situ hybridization on hemocyte monolayers. We also analyzed gene transcription during the colonial blastogenetic cycle, which is the interval of time between one take-over and the next, by qRT-PCR. In addition, we investigated the effects of cadmium (Cd), an inducer of oxidative stress, on gene transcription. Our results indicated that i) antioxidant gene expression is modulated in the course of the blastogenetic cycle and upon exposure to Cd, and ii) hemocytes synthesize both enzymatic and nonenzymatic antioxidants, in line with the idea that they represent a major detoxification system for ascidians.
Introduction
Increasing evidence indicates that stressful conditions lead animals to increase the production of reactive oxygen species (ROS) by NADPH-, mitochondrial-, and microsomal-oxidase activity, which partially reduces molecular oxygen (Kaloyanni et al., 2009; Tomanek, 2014; Canesi, 2015; Puppel et al., 2015; Zeeshan et al., 2016) . Reactive oxygen species, including superoxide anions (ÁO 2¯) , hydrogen peroxide (H 2 O 2 ), peroxyl radicals (ÁRO 2 ), and hydroxyl radicals (ÁOH), exert microbicidal activity and prevent potentially pathogenic microorganisms from entering the weakened organisms. They can also activate signal transduction pathways mediating cell growth and apoptosis (De la Fuente and Victor, 2000; Lesser, 2006) . Even in the immune system, phagocytes, once they are activated by the recognition of foreign molecules, increase their oxygen consumption in a process known as oxidative burst. This involves the activation of an inducible membrane oxidase and the consequent production of ROS.
When ROS levels exceed a threshold value, an imbalance occurs between the production of ROS and the ability of the cell and/or organism to readily detoxify the reactive intermediates or to repair the resulting damage. This condition, currently known as oxidative stress, is dangerous for cells and tissues because it can lead to the oxidation of lipids, proteins, and nucleic acids, producing irreversible structural and functional alterations. To prevent the negative effects of ROS, organisms evolved antioxidant defenses that can reestablish the cellular redox equilibrium, relying on both enzymatic and nonenzymatic mechanisms. Enzymes such as superoxide dismutase (SOD), catalase, glutathione reductase, and glutathione peroxidase (GPx) belong to the first category, whereas thiolrich molecules, such as glutathione (GSH), metallothioneins, and phytochelatins, number among the nonenzymatic mechanisms.
Tunicates are invertebrate chordates and are considered the sister group of vertebrates (Delsuc et al., 2006) . For this reason, they are interesting organisms for evolutionary studies. Ascidians are the richest in species class of tunicates and thus are the most studied animal of this class.
Botryllus schlosseri is a colonial ascidian that performs cyclical (weekly, at 20 7C) generation changes, or take-overs, allowing recurrent rejuvenation of colonies (Manni et al., 2007; Ballarin et al., 2010) . Colonies include three blastogenetic generations represented by mature, filter-feeding zooids, primary buds on zooids, and secondary buds (budlets) emerging from the primary buds (Manni et al., 2007) . During the generation change, lasting 24-36 h, tissues of adult zooids undergo diffuse apoptosis (Lauzon et al., 1992 (Lauzon et al., , 1993 Cima and Ballarin, 2009; Ballarin et al., 2010) , and cells and corpses are rapidly ingested by phagocytes infiltrating the tissues after having left the circulation (Cima et al., 2003; Manni et al., 2007; Ballarin et al., 2008a, b) . In addition, a fraction of hemocytes, corresponding to 20%-30% of the total circulating cells, die by apoptosis at take-over and are replaced by new, undifferentiated hemocytes that enter the circulation from the hematopoietic sites (Ballarin et al., 2008b) . Among these are the phagocytes having ingested effete cells and corpses that tend to die by phagocytosis-induced apoptosis as a consequence of excessive respiratory burst (Cima et al., 2010; Franchi et al., 2016) . Reactive oxygen species are also produced when cytotoxic morula cells sense the presence of nonself (Ballarin et al., 2001) and release the enzyme phenoloxidase, which is stored in an inactive form inside their granules (Cima et al., 2004; Franchi et al., 2015) . Phenoloxidase, acting on polyphenol substrata that are also released by morula cells, causes the production of ROS with microbicidal activity, for instance, during the nonfusion reaction between in-contact, genetically incompatible colonies (Ballarin et al., 2002; Franchi et al., 2015) . Therefore, at take-over, when massive phagocytosis occurs, and during cytotoxic immune responses the majority of hemocytes need to protect themselves from the potential damages induced by ROS.
Until now, ascidian antioxidant strategies have been studied in the solitary species Ciona intestinalis (Franchi et al., 2012 (Franchi et al., , 2014 Ferro et al., 2013) and Halocyntia roretzi (Abe et al., 1999) . Available data suggest that circulating hemocytes, in addition to their role in immune responses (Ballarin et al., 2008b) , are directly involved in the synthesis of ROSscavenging molecules (Franchi et al., 2012 (Franchi et al., , 2014 Ferro et al., 2013) .
In the present study, we started a characterization of the ROS detoxification mechanisms in the hemocytes of B. schlosseri. New transcripts for Botryllus Cu/Zn superoxide dismutase (SOD), γ-glutamyl-cysteine ligase modulatory subunit (GCLM), glutathione synthase (GS), and two glutathione peroxidases (GPx3 and GPx5) are described, and their location in hemocytes is demonstrated through in situ hybridization (ISH). We also compared the level of mRNA transcription in colonies exposed to Cd-a known inducer of oxidative stress (Liu et al., 2009 ) with respect to untreated coloniesby qRT-PCR. Our results indicated that immunocytes (both phagocytes and cytotoxic morula cells) are active in the transcription of genes involved in ROS detoxification, and their activity is modulated during the blastogenetic cycle and by the presence of Cd.
Materials and Methods

Animals
Colonies of Botryllus schlosseri (Tunicata, Ascidiacea) were collected near Chioggia, in the southern part of the Lagoon of Venice. They were reared according to the method of Gasparini et al. (2015) , affixed to glass slides (5 Â 5 cm), in aerated aquaria filled with 0.45-mm filtered seawater (FSW) that was changed every other day, held at a constant temperature of 19 7C, and fed with Liquifry marine (Liquifry Co., Dorking, UK). Under these conditions, colonies reproduce asexually by palleal budding and undergo take-over weekly. Within 24-36 h, old zooids are resorbed and replaced by their buds. A colonial blastogenetic cycle is defined as the period of time between one take-over and the next. Colonial developmental phases lasting more than one day from the preceding, or following, generation change are collectively known as midcycle (MC; Manni et al., 2007) .
Hemocyte collection
A colorless hemolymph containing various kinds of circulating hemocytes flows inside the lacunae and sinuses of the zooid open circulatory system and in the tunic vasculature that connects all the zooids and buds of the colony. Most of the circulating hemocytes are immunocytes, represented by phagocytes (both spreading and round) and cytotoxic morula cells (Ballarin and Cima, 2005) .
Hemolymph was collected with a glass micropipette after puncture, using a fine tungsten needle, of the tunic marginal vessels of the colonies. It was diluted 1∶1 in 0.38% Nacitrate in FSW (as an anti-agglutinating agent) with pH 7.5, then centrifuged at 780 g for 10 min at room temperature. The resulting pellet was then resuspended in FSW to get a final concentration of 5Â10 5 hemocytes/ml.
Exposure to cadmium
A storage solution was prepared by dissolving CdCl 2 in distilled water, whose concentration was determined by atomic absorption spectrometry, using a PerkinElmer 4000 spectrometer (PerkinElmer, Watham, MA), resulting in 45 mmol l
21
. It was subsequently diluted in FSW to obtain a working solution with a final concentration of 0.2 mmol l
. This concentration, although higher than those found in the environment, was effective in inducing oxidative stress in the hemocytes of Botryllus schlosseri , and was within the concentration ranges used in toxicological experiments with other aquatic organisms (Jeppe et al., 2014; Koutsogiannaki et al., 2015; Mùgica et al., 2015) .
Nine colonies of comparable size (around 25 zooids each) were exposed to 0.2 mmol l 21 CdCl 2 in FSW, in 3 9-l aquaria (3 colonies per aquarium), at 16 7C. Three additional, unexposed colonies were used as controls. To avoid interference with the ROS production associated with the generation change (Cima et al., 2010) , exposed colonies were at the mid-cycle phase of the blastogenetic cycle; exposure time was limited to 2, 4, and 6 h. Previous results indicated that the effects of Cd exposure on hemocytes were already observable after a one-hour exposure . After the exposure, colonies were collected, blotted dry, removed from the glass slides with a razor blade, frozen in liquid nitrogen, and stored at 280 7C until use.
Primer design, RNA extraction, cDNA synthesis, cloning, and sequencing
Our EST collection was aligned on the Botryllus genome already available online (Voskoboynik et al., 2013) . With this approach, many coding sequences (CDS) were recognized and recorded in our database (Campagna et al., 2016) . Comparison of our CDS collection (Campagna et al., 2016) with the sequences of the vertebrate genes of interest allowed us to identify a series of nucleotide sequences and to design specific primers (Table 1) for PCR amplification. We focused our attention on the sequences of the predicted transcripts for GCLM, GS, Cu/Zn-SOD, GPx3, and GPx5, known as BsGCLM, BsGS, BsCu/Zn-SOD, BsGPx3, and BsGPx5, respectively. In all cases, the obtained EST sequences contained a 5 0 -terminal untranslated region (UTR) and the entire coding region. The 3 0 -rapid amplification of the cDNA ends (RACE) was performed using the 5 0 /3 0 RACE Kit 2 nd Generation (Roche Molecular Systems, Inc., Pleasanton, CA).
Total RNA was isolated from B. schlosseri colonies using the SV Total RNA Isolation System (Promega Corp., Madison, WI); its purity was determined spectrophotometrically by the A 260 /A 280 and A 260 /A 230 ratios. The integrity of RNA preparation was checked by visualizing the rRNA in ethidium bromide-stained 1.5% agarose gels. The first strand of cDNA was reverse-transcribed from 1 mg of total RNA according to the Improm II manual (Promega Corp.). cDNA amplification was performed with Go-Taq Polymerase (Promega; 5 U/ml), using the following cycling parameters: 94 7C for 2 min, 40 cycles of 94 7C for 30 s, melting temperature (Tm) for 30 s (Tms for the various primers are shown in Table 1 ), 72 7C for 1 min, and, a last step, at 72 7C for 10 min. Amplicons were subjected to electrophoresis and the corresponding bands were purified with ULTRAPrep Agarose Gel Extraction Mini Prep Kit (AHN Biotechnologie GmbH, Nordhausen, Germany), ligated in pGEM T-Easy Vector (Promega Corp.), and cloned in DH-5a Escherichia coli cells (Tang et al., 1994) . To confirm the sequences and their expression, positively screened clones were sequenced at BMR Genomics (University of Padova) on an ABI PRISM 3700 DNA Analyzer (Applied Biosystems, Inc., Foster City, CA). Gene reconstructions were based on a B. schlosseri database using Spidey's algorithm (http://www.ncbi.nlm.nih.gov/spidey/). To estimate the total amount of mRNA for BsGCLM, BsGS, BsCu/Zn-SOD, BsGPx3, and BsGPx5, we used the qRT-PCR with the SYBR green method (FastStart Universal SYBR Green Master-Rox, Roche Molecular Systems, Inc.). In the first experimental series, mRNA was extracted from three colonies at take-over and three at mid-cycle (reference colonies) and maintained in FSW, to evaluate transcription changes under physiological conditions. In the second series, colonies at MC were exposed to 0.2 mmol l 21 CdCl 2 for 2, 4, and 6 h, and mRNA was extracted from three colonies for each exposure time. mRNA from three unexposed colonies (Cd concentration 5 0) was used as reference control. Forward and reverse primers for BsGCLM (BsGCLF-RT and BsGCLR-RT), BsGS (BsGSF-RT and BsGSR-RT), BsCu/ Zn-SOD (BsSODF-RT and BsSODR-RT), BsGPx3 (BsGPx3F and BsGPx3R-RT), BsGPx5 (BsGPx5F-RT and BsGPx5R-RT), and Bsb-actin (BsACTF-RT and BsACTR-RT) transcripts--the last one (Bsb-actin) used as a housekeeping gene--were synthesized by Sigma-Aldrich (St. Louis, MO) ( Table 1 ). The stable expression of Bsb-actin level (Campagna et al., 2016) explains the choice of cytoplasmic actin as reference gene for quantitative PCR experiments. To exclude contamination by genomic DNA, all of the designed primers contained parts of contiguous exons; a qualitative PCR was also carried out before qRT-PCR. Furthermore, analysis of the dissociation curve of the qRT-PCR gave no indication of the presence of contaminating DNA.
qRT-PCR analyses were performed using Applied Biosystems 7900 HT Fast Real-Time PCR System, using the following cycling parameters: 95 7C for 10 min, then 40 cycles of 95 7C for 10 s and 60 7C for 1 min. cDNA synthesis was carried out as described above. Each set of samples was run three times and each plate contained cDNA from three different biological samples (n 5 3) and negative controls. The 2 2DDC T method (Livak and Schmittgen, 2001 ) was used to estimate the total amount of mRNA. The amounts of transcripts in different conditions were normalized to b-actin to compensate for variations in the amounts of cDNA.
Sequence alignment and phylogenetic analyses
Amino acid sequences of the proteins of interest were obtained by in silico translation. Sequence alignment and phylogenetic analyses were performed to compare the obtained sequences with those of the corresponding proteins from metazoans (Supplementary Table 1 , view online). Alignments were carried out with Clustal W software (Larkin et al., 2007) and assessed using the Molecular Evolutionary Genetics Analysis (MEGA) ver. 6 program (Tamura et al., 2013) to infer evolutionary relationships among the various orthologous isoforms.
Phylogenetic reconstructions were performed according to unweighted pair group with arithmetic mean (UPGMA; Sneath and Sokal, 1973) , minimum evolution (ME; Rzhetsky and Nei, 1992), neighbor-joining (NJ; Saitou and Nei, 1987) , maximum parsimony (MP; Sourdis and Nei, 1988) , and maximum likelihood (ML; Guindon and Gascuel, 2003) methods.
In situ hybridization (ISH)
For localization of mRNAs, sense and antisense probes for BsGCLM, BsGS, BsCu/Zn-SOD, BsGPx3, and BsGPx5 transcripts were obtained using T7 RNA-and SP6 RNApolymerase. Probes were further purified with mini Quick Spin Columns (Roche Molecular Systems, Inc.). Whole colonies at MC (both Cd-treated and untreated) as well as hemocytes were used for ISH. Hemocytes, prepared as described above (see Hemocyte collection above in Materials and Methods), were left to adhere to Superfrost Plus slides (Thermo Fisher Scientific, Waltham, MA) for 30 min. Colonies and hemocytes were fixed in freshly prepared MOPS buffer (0.1 mol l 21 MOPS, 1 mmol l 21 MgSO 4 , 2 mmol l 21 EGTA, and 0.5 mol l 21 NaCl) and 4% paraformaldehyde for 30 min and 2 h, respectively. After a prehybridization step in Hybridization Cocktail 50% Formamide (AMRESCO, Solon, OH) for 1 h at 58 7C, colonies and hemocytes were incubated with sense and antisense probes (2 mg/ml biotin-labeled riboprobe in Hybridization Cocktail) overnight at 58 7C. They were then incubated with the ABC Complex (Vector Laboratories, Inc., Burlingame, CA), and positivity was revealed by incubation in 0.025% DAB and 0.004% H 2 O 2 in phosphatebuffered saline (PBS; 8 g/l NaCl, 0.2 g/l KCl, 0.2 g/l KH 2 PO 4 , 1.15 g/l Na 2 HPO 4 , pH 7.2) for 10 min. Colonies were then dehydrated, included in Paraplast Plus Xtra (Sigma-Aldrich), and 7-mm sections were obtained with a Jung micrometer. Hemocytes were mounted with Acquovitrex (Carlo Erba Reagents, Cornaredo, Italy). Finally, slides were observed under a light microscope at 1250Â magnification.
Statistical analyses
Each experiment was replicated three times with three independent colonies (n 5 3); data are expressed as means ± SD. Multiple comparisons were carried out with ANOVA; means were compared using Duncan's test (Snedecor and Cochran, 1980) .
Results
Gene and transcript organization
The PCR amplification of BsGCLM produced an amplicon of 535 base pairs (bp). The coding sequence is 870 bp long, and is flanked by 5 0 -UTR and 3 0 -UTR regions of 54 and 626 bp, respectively (GenBank ID no. KT12002). The sequence includes one exon of 1550 bp (Fig. 1) .
Amplification with BsGSF and BsGSR resulted in an amplicon of 304-bp sharing similarity with other deuterostome glutathione synthases (GSs) (GenBank accession no. KT120025). The coding sequence consists of 1278 bp and the gene includes 7 exons ( Fig. 1) with the ATG start codon located in the first exon and the TAG stop codon in the last exon. All of the introns were provided with the canonical guanine timine (GT) and adenine guanine (AG) splicing signal consensus.
Amplification with BsGPx5F and BsGPx5R produced an amplicon of 493 bp that, after sequencing and BLAST comparison, resulted in vertebrate transcripts similar to those of gpx3 and gpx6. This transcript presents a 675-bp coding sequence, with 5 0 -UTR and 3 0 -UTR regions of 58 and 184 bp, respectively (GenBank ID no. KT120026). The structure of the gene was analyzed by comparing the cDNA and the genomic sequences. It includes 5 exons (Fig. 1) , with the ATG start codon located in the first exon and the TAG stop codon in the last exon. All of the introns were provided with the canonical GT and AG splicing signal consensus.
The PCR amplification with BsGPx3F and BsGPx3R gave an amplicon of 662 bp that, after sequencing and BLAST comparison, resulted in transcripts similar to those of gpxb and gpxc of Ciona intestinalis. The bsgpx3 transcript has a coding sequence of 636 bp, with 5 0 UTR and 3 0 UTR regions of 128 bp and 239 bp, respectively (GenBank accession no. KT120027). The gene structure was analyzed by comparing the cDNA and the genomic sequences. It includes 5 exons (Fig. 1) , with the ATG start codon located in the first exon and the TGA stop codon in the last exon. All of the introns were provided with the canonical GT and AG splicing signal consensus.
BsSODF and BsSODR amplified a sequence of 322 bp, similar to Cu/Zn SOD from other deuterostomes. The coding sequence of this transcript spans 447 bp in length and is flanked by 5 0 UTR and 3 0 UTR regions of 305 bp and 305 bp, respectively (GenBank accession no. KT120028). The structure of the gene was analyzed by comparing the cDNA and the genomic sequences. It includes two exons and one intron ( Fig. 1) with canonical GT and AG splicing signal consensus.
Protein organization
In silico translation of the bsgclm transcript resulted in a putative protein of 289 amino acids with an Aldo/keto reductase superfamily domain extending from residues 85 to 208, required for antioxidant activity ( Fig. 2A ; Supplementary  Fig. 1A , view online). BsGCLM, when aligned with the same protein of other deuterostomes, showed identities ranging from 34.3% (C. intestinalis) to 28.7% (Xenopus laevis and Salmo salar) ( Supplementary Fig. 1A , view online).
In silico translation of the transcript of bsgs gave a putative protein of 425 amino acids with an eu-GS superfamily domain, typical of glutathione synthases (GSs) and necessary for the creation of the ATP-dependent bond between γ-glutamylcysteine and glycine, spanning from amino acid 10 to 400 ( Fig. 2B; Supplementary Fig. 1B, view ), all conserved in the Botryllus schlosseri sequence (Supplementary Fig. 1B, view online) .
In silico translation of the transcript of bsgpx5 resulted in a putative protein of 224 amino acids that included a conserved GSH-peroxidase domain (residues 30-145), necessary for hydroperoxide reduction by GSH, which acts as an electron donor ( Fig. 2C; Supplementary Fig. 1C, view online) . BsGPx5, when aligned with the same protein of other deuterostomes, showed identities ranging from 34.5% (C. intestinalis GPxc) to 24.8% (B. floridae). By comparing multiple alignments of Supplementary Fig. 1C , view online).
In silico translation of the bsgpx3 transcript resulted in a putative protein of 211 amino acids that included a conserved GSH-peroxidase domain, from residue 34 to 149 ( Fig. 2C ; Supplementary Fig. 1C, view online) . BsGPx3, when aligned with the same protein of other deuterostomes, showed identities ranging from 38.2% (C. intestinalis GPxb) to 25% (B. floridae). By comparing multiple alignments of the predicted amino acid sequence of BsGPx3 with those of other deuterostome GPxs, we recognized the three amino acids of the active sites involved in catalytic activity (Sec/Cys Supplementary Fig. 1C, view online) .
In silico translation of the transcript of bscu/znsod resulted in a protein of 148 amino acids, with the Cu-Zn superoxide 
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dismutase superfamily domain extending from residue 1 to 140 ( Fig. 2D; Supplementary Fig. 1D , view online). BsCu/ ZnSOD, when aligned with the same protein of other deuterostomes, showed identities that ranged from 57.9% (Ovis aries, Bos taurus, Bos grunniens) to 20.5% (C. intestinalis). By comparing multiple alignment of the predicted amino acid sequence of BsCu/ZnSOD with other deuterostome Cu/ ZnSODs, we were able to recognize the amino acids of the active sites that bind cadmium (His Supplementary Fig. 1D , view online).
Phylogenetic analyses
Phylogenetic trees were obtained from multiple alignments, using Clustal W on the predicted amino acid sequences of each considered transcript. All of the methods used gave similar results, but only trees that were obtained using maximum likelihood (ML) are presented. Trees of GCLM and GS showed that the tunicate cluster, represented by Botryllus schlosseri and Ciona intestinalis, is always positioned close to the cephalocordate 1 vertebrate clade (Figs. 3, 4) .
As regards the phylogenetic reconstruction of deuterostome GPxs, BsGPx5 clusters together with C. intestinalis GPxc and Xenopus laevis, Xenopus tropicalis, and Danio rerio GPx3, as the sister group of vertebrate GPx1, GPx2, and GPx4 (Supplementary Fig. 2, view online) , whereas BsGPx3 groups with C. intestinalis GPxc, X. laevis, and X. tropicalis GPx3, and Branchiostoma floridae GPx ( Supplementary Fig. 3 , view online). BsSOD clusters with B. floridae SOD; C. intestinalis SOD appears unrelated to the vertebrate group (Fig. 5) .
qRT-PCR
When analyzed in the course of the blastogenetic cycle, the total amount of mRNAs for BsGCLM, BsCu/ZnSOD, and BsGPx5 significantly (P < 0.001) decreased during take-over with respect to MC. Conversely, BsGPx3, in the same conditions, significantly (P < 0.001) increased its mRNA level. The amount of mRNA for BsGS did not significantly change during TO phase with respect to mid-cycle (Fig. 6A) .
Upon cadmium (Cd) exposure, the relative expression of the considered genes was deeply regulated. The quantity of mRNAs of bscu/znsod, bsgpx3, and bsgs that resulted were significantly (P < 0.05) increased, reaching the maximum amount of mRNAs, from 3-to 13-fold induction, after 2 h of treatment with Cd. The quantity then gradually decreased, with the lowest value seen at 6 h of treatment. Conversely, the level of mRNAs for BsGCLM and BsGPx5 decreased with respect to the control; BsGPx5 returned to the control value after 6 h ( Fig. 6B) . 
ANTIOXIDANT MOLECULES IN BOTRYLLUS
In-situ hybridization
In colony sections, only hemocytes contained detectable levels of transcripts for BsGCLM, BsGS, BsCu/ZnSOD, BsGPx3, and BsGPx5 (data not shown). A more detailed analysis of hemocyte smears revealed that only immunocytes were labeled. In the presence of the specific riboprobes for BsGCLM and BsGPx3, cytotoxic morula cells and phagocytes were labeled, the former (BsGCLM) prevailing at take-over, and BsGPx3 prevailing at mid-cycle. Morula cells, at takeover, and phagocytes, at mid-cycle and take-over, were also recognized by antisense probes for BsGS and BsCu/ZnSOD, whereas only phagocytes were labeled by the probe for BsGPx5 (at mid-cycle and take-over). In addition, undifferentiated young cells, also called hemoblasts, appeared stained with the specific probes for GPx5 and Cu/ZnSOD in both mid-cycle and take-over. Incubation with the sense probes gave no labeling of the cells (Fig. 7) .
Discussion
Despite the phylogenetic position of tunicates as the vertebrate sister group, their stress responses have been poorly investigated until now. A limited but increasing body of evidence indicates that ascidian hemocytes play important roles in stress responses by producing antioxidant molecules able to counteract the stress-related increase of ROS production (Franchi et al., 2011 (Franchi et al., , 2012 (Franchi et al., , 2014 Ferro et al., 2013) .
In the compound ascidian Botryllus schlosseri, high quantities of ROS are produced both during the non-fusion reaction between genetically incompatible colonies, resulting in diffuse cytotoxicity along the contact region (Ballarin et al., 2002) and at take-over, as a consequence of the increased respiratory burst in phagocytes that have ingested apoptotic cells and corpses deriving from the tissues of the old zooids (Cima et al., 2010; Franchi et al., 2016) . In both processes, hemocytes are directly involved. Although some of them undergo ROS-induced cell death, most hemocytes do not die, suggesting their ability to overcome unfavorable conditions.
In the present work, we identified and characterized the transcripts for five Botryllus schlosseri enzymes (BsSOD, BsGCLM, BsGS, BsGPx3, and BsGPx5) involved in ROS detoxification mechanisms. To our knowledge, this is the first study of these genes in Botryllus. In addition, we demonstrated the modulation of the transcription of the abovereported genes during take-over and on exposure to cadmium. In both cases, increased production of ROS has been reported (Cima et al., 2010; Franchi and Ballarin, 2013) . This suggests that oxidative stress is the cause of the observed gene modulation and that cells face an increasing level of ROS by producing thiol-containing molecules, such as glutathione (GSH), or antioxidant enzymes. The location of the transcripts in immunocytes, as revealed by in situ hybridization, supports our previous observations in the solitary ascidian Ciona intestinalis (Franchi et al., 2011 (Franchi et al., , 2012 (Franchi et al., , 2014 Ferro et al., 2013) , indicating that, in the absence of detoxifying or- gans, hemocytes represent the main detoxification system of tunicates. The reported presence of some transcript-related labeling in young hemocytes probably marks their first steps towards fully differentiated circulating cells.
The main intracellular antioxidant molecule is represented by GSH, a tripeptide (γ-glutamylcysteinylglycine) with a thiol group able to react with ROS, resulting in the formation of oxidized GSH (GSSG). In mammals, the synthesis of GSH involves two ATP-dependent reactions catalyzed by different enzymes. The first is γ-glutamyl-cysteine ligase (GCL), composed of a catalytic and a modulatory subunit (GCLC and GCLM, respectively) (Griffith, 1999; Dickinson and Forman, 2002) . The second enzyme is glutathione synthase (GS), which catalyzes the binding of L-glycine to previously formed γ-glutamylcysteine. The transcripts for both genes are present in Botryllus immunocytes, either in phagocytes or morula cells. The amount of transcripts for BsGCLM decreases during take-over, as well as during Cd-treatment, suggesting a weak contribution of this subunit and, consequently, a probable major role of GCLC in the regulation of GSH synthesis in B. schlosseri. The increase in the amount of mRNA for BsGS in hemocytes from Cd-exposed colonies is probably due to Cd-induced oxidative stress, in accordance with the known induction of GSH synthesis by ROS (Franchi et al., 2012; Jeppe et al., 2014) . In contrast, the absence of modulation in the level of transcript for BsGS, during the generation change, probably represents the equilibrium between the increase in gene expression, as a consequence of oxidative stress, and the decrease in the total number of aged cells as a consequence of apoptosis at take-over.
Among the detoxifying enzymes, superoxide dismutase (SOD) catalyzes a redox reaction, converting superoxide anions into molecular oxygen and hydrogen peroxide (Fridovich, 1986) . GPxs, however, catalyze the reduction of peroxides Figure 5 . Evolutionary relationships (maximum likelihood; ML) among deuterostome glutathione peroxidase (GPxs). Similar topologies were obtained with neighbor-joining (NJ), minimum evolution (ME), and unweighted pair groups with arithmetic mean (UPGMA). Branch length scale 5 0.2 substitutions per site.
ANTIOXIDANT MOLECULES IN BOTRYLLUS
using GSH as substrate (Sunde and Hoekstra, 1980) . Members of the GPx family can include a selenocysteine (SEC) residue in their N-terminal region. This residue is related to the presence of a SEC insertion sequence (SECIS) in the corresponding mRNA that allows the translation of the UGA codon of the catalytic site as SEC instead of as a STOP codon (BrigeliusFlohé, 1999; Brigelius-Flohé and Maiorino, 2013) . In mammals, eight types of GPx have been identified so far (Brigelius-Flohé and Maiorino, 2013) , expressed in various tissues (Ghyselinck et al., 1993; Arthur, 2000; Toppo et al., 2008; Brigelius-Flohé and Maiorino, 2013) .
As stated earlier, our results indicated that the transcripts of these enzymes change during take-over and upon Cd exposure. For Cd, we observed an increase in the amount of mRNA for BsGS, BsGPx3, and BsCu/ZnSOD in exposed colonies. This finding is in agreement with the results obtained in solitary ascidians, which saw an increase in the transcription of genes for GCLC, GCLM, GS, metallothioneins, phytochelatin synthase, and SODb in Ciona intestinalis after treatment with 10 mmol l 21 CdCl 2 (Franchi et al., 2011 (Franchi et al., , 2012 (Franchi et al., , 2014 Ferro et al., 2013) . The metal, cadmium, can deeply influence cysteine metabolism, acting at the level of the trans-sulfuration pathway, and cysteine is essential in detoxification processes because the amino acid is required for the synthesis of nonenzymatic, thiol-rich molecules, such as GSH, metallothioneins, and phytochelatins (Hughes et al., 2009; Jeppe et al., 2014) .
The identified BsCu/ZnSOD lacks the signal peptide and can be considered an intracellular enzyme. According to the in silico hybridization results, its mRNA is located in morula cells and phagocytes. The lower amount of transcript at takeover is probably related to the fact that the transcripts are reference control set to 1). Normalization of expression was achieved using endogenous b-actin as housekeeping gene. Each histogram bar corresponds to the average of three independent experiments, each with a different colony (n 5 3) ± SD. Different letters denote significant (P < 0.05) differences from the reference control. TO, take-over.
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N. FRANCHI ET AL. Figure 7 . In silico hybridization of hemocytes stained with antisense riboprobes for transcripts of bsgclm, bsgs, bscu/znsod, bsgpx3, and bsgpx5 in mid-cycle (A-F) and at take-over (A 0 -F 0 ). A"-F": sense probes (control). He, hemoblast; Mc, morula cell; Ph, phagocyte. Scale bar 5 5 mm. present in mature immunocytes, most of which, in this phase of the colonial blastogenetic cycle, undergo cell death by apoptosis (Cima et al., 2010) . However, the gene is activated by Cd exposure, resulting in an increase in the transcript level, in agreement with what was observed for the intracellular SOD of C. intestinalis (Ferro et al., 2013) .
GPxs include enzymes with or without the SECIS element, corresponding to a SEC or a Cys residue in the active site of the proteins, respectively. BsGPx3 shares with vertebrate GPx3 and GPx6 the presence of the SECIS. In addition, like vertebrate GPx3, BsGPx3 has the signal peptide that is absent in vertebrate GPx6. BsGPx5 lacks the SECIS and presents the signal peptide, as with vertebrate GPx5. What is unusual in BsGPx5 is the substitution of a Cys with a Ser residue, which has no reported antioxidant activity, in the catalytic site. The mRNA of both enzymes is mainly located in phagocytes, with BsGPx3 mRNA detectable only during the mid-cycle, when most of the phagocytes assume the spreading morphology and are not massively involved in phagocytosis (Ballarin et al., 1994) .
Different structure, pattern of expression, and response to CdCl 2 treatment strongly suggest different roles for the two BsGPx enzymes, with BsGPx3 more active in oxidative stress response and BsGPx5 probably involved in cellular homeostasis. This fits the observed increase in the amount of the mRNA for BsGPx3 at the generation change and in the presence of Cd, both the situations being marked by high ROS production. The decrease of the transcript level for BsGPx5, as detected by qRT PCR, at the take-over can be related to the decrease in the number of mature phagocytes in the colonial circulation.
Since changes in the amount of total mRNA do not necessarily correlate with changes in protein synthesis, these transcriptional data need to be augmented by quantification of the products (e.g., through the measure of enzyme activity), the focus of future research.
B:
Amino acid alignment of gs sequences obtained by CLUSTAL W. Green highlight active sites, pink highlight ATP binding sites, yellow highlight magnesium binding sites and red highlight GSH binding sites. Grey highlight amino acid with catalytic and ATP binding activity. Homo sapiens Bos taurus_GPx6
Homo sapiens ----------------MATNWGS-LLQDKQQLEELARQAVDRALAEGVLLRTSQEPTSSE 43 Macaca fascicularis ----------------MATNWGS-LLQNEQQLEELARQAVDRALAEGVLLRTSQEPTSSE 43 Callithrix jacchus ----------------MATNWGS-LLQDEQQLEELARQAVDRALAEGVLLRTSQEPTSSD 43 Bos taurus
----------------MATGWGS-LLQDEQQLEELARQAVDRALAEGVLLRTSQAPSSSH 43 Rattus norvegicus ----------------MATSWGS-ILQDEKQLEELAQQAIDRALAEGVLLRSAKNPSSSD 43 Xenopus laevis ----------------MADLWDD-IYNDTKLLEELAPIAIDAALLQGVLMRTKESPNSSD 43 Xenopus tropicalis ----------------MEALWED-IYSDTTLLEELAPIAIDSALLQGVLMRTKASPNSSD 43 Danio rerio ----------------MSVKLED-TLKDENLIKRLEEIAKDTALLHGVLMRTKDTPNSPE 43 Branchiostoma floridae ----------------MEPALPL-PLAPP-LLASAADSAKDWAILHGVAMRTEEQPNSSD 42 Botryllus schlosseri ----------------FDIHKQVLKEGIAQTVFLGLNRSDYMFQRSA-----DGSP----------ALKQIEINTI 148 Macaca fascicularis FDIHKQVLKEGIAQTVFLGLNRSDYMFQRST-----DGSP----------ALKQIEINTI 148 Callithrix jacchus FDIHKQVLKEGIAQTVFLGLNRSDYMFQCSA-----DGSP----------VLKQIEINTI 148 Bos taurus FDIHKQVLKEGIAQTVFLGLNRSDYMFQCNP-----DGSA----------ALKQIEINTV 148 Rattus norvegicus FDIYKQVLKEGIAQTVFLGLNRSDYMFQCSA-----DGSK----------ALKQIEINTI 148 Xenopus laevis FAIHKQVQQEDCTQEVFLGINRSDYMFDCRD-----DGTP----------ALKQIEINTI 148 Xenopus tropicalis LKIQRQVKKEGCEQEVFLGINRSDYMFDCRD-----DGTP----------ALKQIEINTI 148 Danio rerio FNIYKQVQQEGHAQKIVVGLNRSDYMLDHSP-----DGRT----------SLKQIEINTI 148 Branchiostoma floridae FRIYEQVRREGVAQTVCLGLHRSDYMLDDPSRTGQENGEPEAKQPRLDLLQLKQIEINCI 162 Botryllus schlosseri FEIYETALLE-KPKKTAMAIIRSDYMFNKTD-----ESEP----------SLKQIEVNMI 148 Brugia malayi VEILNAVXTSNFCQKKTLLIQRNDYMCHEDS-----YGNR----------SLKQIEVNNI 161 Loa loa VEILNAVRTSDFCQRKTLMIQRNDYMCHEDN-----YGNR----------SLKQIEVNNI 161 Ascaris suum VDILKRVHEAGIKQTKTLLIQRADYMCDGQR-----SDEF----------
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RPVLFNSKKYMQESITRSTVRDDAAY 263 Ciona intestinalis_GPx c --------------------------Botryllus schlosseri_GPx5
--------------------------Ciona intestinalis_GPx b -------------------------- Figure S2 . Evolutionary relationships (ML) among metazoan superoxide dismutases (SODs). Similar topologies were obtained with neighbor-joining (NJ), minimum evolution (ME), and unweighted pair group with arithmetic mean (UPGMA). Figure S3 . Evolutionary relationships (maximum likelihood; ML) among deuterostome glutathione peroxidases (GPxs). Similar topologies were obtained with neighbor-joining (NJ), minimum evolution (ME), and unweighted pair group with arithmetic mean (UPGMA).
